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Climate change impacts microbial community structure and function, thus
altering biogeochemical cycles. Biological nitrogen fixation by diazotrophs is
involved in maintaining the balance of the global nitrogen cycle, but the global
biogeographic patterns of diazotrophs and their responses to climate change
remain unclear. In this study, we use a dataset of 1352 potential diazotrophs by
leveraging the co-occurrence of nitrogenase genes (nifHDK) and analyse the
global distribution of potential diazotrophs derived from 137,672 samples.
Using the random forest model, we construct a global map of diazotroph
diversity, revealing spatial variations in diversity across large scales. Feature
importance shows that precipitation and temperature may act as drivers of
diazotroph diversity, as these factors explain 54.2% of the variation in the global
distribution of diazotroph diversity. Using projections of future climate under
different shared socioeconomic pathways, we show that overall diazotroph
diversity could decline by 1.5%-3.3%, with this decline further exacerbated by
development patterns that increase carbon emissions. Our findings highlight

the importance of sustainable development in preserving diazotrophs.

Nitrogen is a crucial element required for the synthesis of biomolecules
such as nucleic acids and proteins, playing an essential role in survival
and continuity of life’. In natural ecosystems, nitrogen primarily exists
as inert atmospheric dinitrogen (N,), with limited availability in more
reactive forms, such as ammonium and nitrate®. This scarcity of bioa-
vailable nitrogen is a key factor limiting primary productivity in ter-
restrial and marine ecosystems®*. Prokaryotes catalysed diverse and
complex nitrogen transformation reactions (including nitrogen fixa-
tion, ammonia oxidation, nitrification, and denitrification), thereby
controlling the nitrogen input, output, and various conversions within
the environment’. Among these processes, biological nitrogen fixation
(BNF) by diazotrophs represents a major natural pathway for external
nitrogen input to ecosystems. It is estimated that BNF contributes
approximately 200 Tg N annually to the Earth’s ecosystems, account-
ing for more than 90% of natural nitrogen fixation and surpassing other
non-biological nitrogen-fixing processes (such as lightning)*>*5.
Biological nitrogen fixation via nitrogenases has long played a
crucial role in the expanding Earth’s biosphere’. All known biological

nitrogen-fixing functions are based on highly conserved nitrogenase
genes, which are widely distributed in bacteria and archaea. Recent
evidence indicates that a distinct nitrogen-fixing organism (Candidatus
Atelocyanobacterium thalassa, or UCYN-A) has been tightly integrated
into eukaryotic host (Braarudosphaera bigelowii) cells as endosymbiont-
evolved organelles (nitroplasts) to carry out the nitrogen fixation
process'®". The highly diverse phylogenetic and ecological strategies of
diazotrophs (including autotrophy, heterotrophy, symbiosis, and free-
living lifestyles) contribute to the widespread distribution of nitrogen-
fixing capabilities across terrestrial and marine ecosystems””. The
diversity and composition of diazotrophic communities are critical for
determining the rate of biological nitrogen fixation, thereby greatly
influencing nitrogen cycling processes on Earth™.

Under prolonged warming conditions, microbial communities are
significantly impacted, leading to a continuous decrease in biological
diversity"'°, Moreover, specific microbial functional groups within
communities exhibit varying responses to climate warming. For
example, elevated temperatures strongly change the relative
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abundance and diversity of potential soil-borne plant pathogens”%,

BNF serves as a primary source of biologically available nitrogen on
Earth, and its response to climate change is crucial for long-term soil
fertility regulation®. Climate warming has been predicted to increase
the nitrogen fixation rate in high-latitude regions but decrease it in
low-latitude regions'**°. However, the global biogeographical patterns
of diazotrophs and their responses to climate change remain unclear.

Recently, the rapid accumulation of microbiome sequencing
data has expanded our understanding of microbial biogeography,
providing the possibility to elucidate the distribution of specific
functional groups at a global scale’®*, In this study, we use the co-
occurrence of nitrogenase genes (nifHDK) to identify diazotrophs®
and provide a detailed portrayal of diazotroph diversity over large
spatial scales. Using machine learning techniques, we assess the
current global relative richness (defined as the diazotroph share in
the local community) of diazotrophs, identifying climate variables
(mean annual temperature and precipitation) as the key drivers of
the global distribution of relative richness. We also project changes
in global diversity under various future climate scenarios. Our results
suggest that the diazotroph relative richness is closely tied to tem-
perature and precipitation, and that anthropogenic climate change
may lead to a marked decline in diazotroph diversity by the end of
the century.

Results

Predicting diazotrophs through analysis of co-occurrence
nitrogenase genes

We analysed 16,106 representative prokaryotic genomes and identified
10,251 nitrogenase-related genes within 1723 genomes (Supplementary
Dataset 1). The genes nifH (vnf/anfH), nifD (vnf/anfD), and nifK (vnf/
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Fig. 1| Composition and diversity of diazotrophs across microbial taxa. a UpSet
plot illustrating the co-occurrence of nitrogenase-related genes across diverse
genomes. The accompanying pie chart depicts the proportional classification of
different genome categories. b Phylogenetic tree of representative prokaryotic

anfK) are recognized as structural proteins of nitrogenase and are
often organized in one or multiple gene clusters®”. These genomes
were classified into various categories based on co-occurrence genes:
canonical nitrogen-fixing genomes with molybdenum-iron (MoFe)
nitrogenase, alternative nitrogen-fixing genomes with vanadium-iron
(VFe) or iron-iron (FeFe) nitrogenase, incomplete nitrogen-fixing
genomes with the nifH gene, and other genomes (Fig. 1a and Supple-
mentary Dataset 2). Canonical nitrogen-fixing genomes and alternative
nitrogen-fixing genomes are regarded as potential nitrogen fixers.
Among the 16,106 genomes, 1352 (comprising 1220 canonical and 132
alternative nitrogen-fixing genomes) harboured the complete nitro-
genase gene cluster (nifHDK), accounting for 8.4% of the total. Fur-
thermore, despite having the marker gene nifH, 323 genomes lacked
the complete nitrogenase gene cluster, indicating a probable absence
of authentic nitrogen fixation capabilities (Fig. 1a).

Among the 1352 potential nitrogen-fixing genomes, 1303 were
derived from bacteria and 49 from archaea, representing 8.4% and
9.2% of their respective genomic repertoires, respectively. Our phy-
logenetic analysis highlights the remarkable taxonomic diversity
among these nitrogen-fixing genomes, encompassing 545 genera
within 21 phyla (Fig. 1b and Supplementary Dataset 2). The proportion
of nitrogen-fixing genomes exhibited considerable variation among
phyla; the Chlorobiota presented a 100% frequency of diazotrophs,
with all 16 representative strains demonstrating the capability for
nitrogen fixation. Comparatively, the proportions of diazotrophs
within Pseudomonadota, Bacillota, Thermodesulfobacteriota, and Cya-
nobacterota were 11.1%, 9.2%, 70.8%, and 46.7%, respectively (Fig. 1c).
Among them, the phyla Pseudomonadota, Bacillota, Thermo-
desulfobacteriota, and Cyanobacterota collectively contained 669, 263,
155, and 84 nitrogen-fixing genomes, respectively, accounting for
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more than 83.6% of the total, emphasizing their critical contribution to
global nitrogen fixation (Fig. 1c).

Compared with the known spectrum of diazotrophs, 779 out of
the 1352 potential nitrogen-fixing genomes have experimental vali-
dated species within the same genera, whereas 573 predicted nitrogen-
fixing genomes belong to 358 previously unrecognized diazotroph
genera (Supplementary Dataset 2). We suggest that these 358 genera
should receive priority attention from researchers in the future. In
particular, more than 70% of the potential diazotrophs of Thermo-
desulfobacteriata are from the previously unrecognized diazotroph
genera (Fig. 1c), making it a promising source for the discovery of
potential diazotrophs.

Biogeography of diazotrophic communities

The stringent criterion for identifying diazotrophs requires informa-
tion of co-occurrence genes, prompting us to map genomes to pro-
karyotic communities through the 16S rRNA gene to analyse the
composition and diversity of diazotrophic communities. This method
has been widely used in recent large-scale microbiome research>*,
We collected sequencing data from 137,672 samples across various
habitats within the Microbe Atlas Project (MAP) database (Supple-
mentary Fig. 1). These samples span different latitudes (low latitudes
[+0°-30°]: 28,416; mid-latitudes [+30°-60°]: 99,528; high latitudes
[£60°-90°]: 9728) and extend across seven continents and four
oceans, including eighteen principal habitats (Supplementary Data-
set 3 and Supplementary Fig. 1). We calculated the absolute number of
diazotroph richness for each sample, but considering that the absolute
richness increased significantly (two-sided Pearson correlation test,
r(137,670) =0.307, P=0, t=119.551, 95% CI=[0.302, 0.311]; Supple-
mentary Fig. 1) as the sequencing depth increased, we used the 16,106
prokaryotic representative genomes to normalize the richness of dia-
zotrophs in the community (defined as the diazotroph share in the
local community). In our results, 593 OTUs were identified as diazo-
trophs (Supplementary Dataset 4). Among these, 57 OTUs were found
in all habitats, and 423 OTUs were distributed across more than ten
habitats, accounting for 71.3% of all diazotrophic OTUs (Supplemen-
tary Fig. 1), indicating the widespread distribution and habitat adapt-
ability of diazotrophs. These diazotrophic OTUs permeated
128,751 samples, accounting for 93.5% of the total dataset, under-
scoring the widespread propensity for nitrogen fixation within natural
microbial communities. Intriguingly, 86.3% of the samples harboured
multiple diazotrophic OTUs, indicating a prevalent redundancy of the
nitrogen-fixing function within these communities. We found that
terrestrial communities harbour a higher proportion of detected dia-
zotrophs (97.1% versus 84.0%) and functional redundancy (93.0%
versus 68.2%) compared to marine communities.

We analysed the latitudinal diversity gradient (LDG) patterns of
diazotrophic communities in terrestrial and marine samples. The
results revealed a significant negative correlation between absolute
latitude and relative richness (terrene: two-sided Pearson correlation
test, r(96,989) =-0.061, P=2.73 x107%, t=-18.993, 95% Cl=[-0.067,
—0.055]; marine: two-sided Pearson correlation test, r(27,671) = -0.031,
P=2.85%x107, t=-5134, 95% Cl=[-0.042, —0.019]; Fig. 2a). This
observation aligns with findings from studies of diazotrophic com-
munities in forests?. Furthermore, our computation of distance-decay
relationships within diazotrophic communities across both terrestrial
and marine environments revealed a distance-decay relationship
(DDR) pattern (Supplementary Fig. 2), indicating a decrease in-
community similarity with escalating geographic separation. The ter-
restrial gradient (slope =-0.036, two-sided Pearson correlation test,
r(487,848) =-0.123, P=0, t=-86.845, 95% Cl=[-0.126, -0.121]) man-
ifested a more precipitous decline than did its marine counterpart
(slope=-0.006, two-sided Pearson correlation test, r(101,818)=-
0.038, P=2.644 x1073, t=-12.029, 95% Cl=[-0.044, —0.032]), sug-
gesting that terrestrial environmental heterogeneity had a more

substantial influence on the composition of diazotrophic communities
than did marine environmental heterogeneity.

Our assessment of the relative richness of diazotrophs across a
spectrum of eighteen habitats revealed pronounced disparities in their
distributions (Fig. 2b). Paddy fields (median 0.217, interquartile range
(IQR) 0.176-0.263) and peatlands (median 0.205, IQR 0.129-0.289)
exhibited relative richness far exceeding those of other habitats.
Flooded paddy fields provide optimal pH and redox conditions con-
ducive to nitrogen fixation®®, whereas peatlands are characterized by
persistently low levels of bioavailable nitrogen®, thereby conferring a
competitive edge to diazotrophs in these environments. Moreover,
grasslands presented high relative richness of diazotrophs, under-
scoring their substantial contribution to global nitrogen fixation.
Conversely, both desert (median 0.044, IQR 0.030-0.068) and shrub
(median 0.033, IQR 0.024-0.047) ecosystems exhibited extremely low
relative richness of diazotrophs (Fig. 2b). This may be attributed to the
moisture scarcity in these arid ecosystems, which potentially restricts
the nitrogen-fixing processes of bacteria®.

We analysed the B-diversity of diazotroph composition across
different habitats (Fig. 2c), which revealed a pronounced aggregation
of soil-derived diazotrophic communities, which contrasts with the
composition found in most aquatic habitats (except for waste), indi-
cating marked differences in diazotroph composition between aquatic
and soil samples. Despite the differences in diazotroph composition
across habitats, the assembly of diazotrophic communities within
these habitats appears to be random. Our exploration of the commu-
nity assembly mechanisms of diazotrophs across these habitats
revealed that stochasticity predominates over determinism in shaping
these communities. The influence of stochastic processes ranged from
78% +3.7% in peatland ecosystems to 96.1% + 0.5% in polar ice envir-
onments (Fig. 2d), thereby emphasizing the critical role of stochasti-
city in the formation of diazotrophic communities.

Global maps of relative richness in diazotrophic communities
Based on the samples of terrestrial and marine environments in the
MAP database, we collected relevant geographic raster data and
extracted environmental gridded spatial covariates (e.g., climatic
variables, soil-water properties, human activities, etc.) corresponding
to latitude and longitude and constructed a regression model between
the covariates and the relative richness of diazotrophs using the ran-
dom forest algorithm. On the basis of cross-validation, we filtered the
best subset of variables (63 for terrene and 11 for marine) by feature
selection and optimized the model iteratively via a grid search invol-
ving hyperparameter tuning (Supplementary Fig. 3). The final model
used for prediction performed well (terrene: train dataset, R>=0.558,
F17042=10,030, P=0; marine: train dataset, R*=0.324, F; 05 =1430,
P=5.597 x107%), the mean of ten independent predictions based on
the model was used to generate a global map of the relative richness of
diazotrophs at a resolution of 0.05° (Fig. 3a and Supplementary Fig. 4),
and the coefficients of variation for the ten predictions were used to
quantify the estimation uncertainty (Supplementary Fig. 5).

The prediction map for terrene shows a latitudinal trend in the
global relative richness of diazotrophs, with overall low levels of rela-
tive richness at mid-latitudes (+25-50°) and higher levels expressed
near the equator as well as at high latitudes (above 50°), with the
latitudinal median peaking at approximately 70° (Fig. 3b and Supple-
mentary Fig. 6). On an intercontinental scale, the relative richness is
highest in North America, Europe, the northern parts of Asia, and
Southeast Asia. In contrast, the relative richness levels are lower in
Africa and western Asia. Compared with the terrene-based projections,
the peaks in the marine map projections are more concentrated in the
mid-latitudes (North Pacific, North Atlantic), and the overall latitudinal
gradient trend is less pronounced (Supplementary Fig. 4 and Supple-
mentary Fig. 6). Significant correlations were found between the
variables selected by the recursive feature elimination method and the
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predicted values (Spearman correlation, Supplementary Dataset 5),
supporting our use of the random forest model to demonstrate the
relative importance of different covariates to relative richness (Figs. 3¢,
3d and Supplementary Fig. 7). The climate variables (mean annual
temperature and precipitation) overwhelmingly ranked high (first:
mean annual precipitation-biol2, third: aridity index-ai) and had the
highest average importance overall, suggesting that climate is an
important predictor of changes in the level of relative richness. Our
predictions suggest that climatic variables may be the dominant factor
influencing the relative richness of diazotrophic communities at spa-
tial scales.

Projection of diazotrophic community relative richness under
future climate scenarios

Long-term anthropogenic climate warming has been shown to be an
important cause of the reduced richness of soil microorganisms'¢, and
it has been suggested that climate warming has an important effect on
nitrogen fixation rates’>*, however, how diazotroph relative richness
changes with climate on a global scale remains unknown. Thus, we
simulated changes in the relative richness of potential diazotrophs in
global communities under four future climate scenarios (shared
socioeconomic pathway, SSP126: sustainability; SSP245: middle of the
road; SSP370: regional rivalry; SSP585: fossil fuel) for the 2081-2100

timeframe based on the full CMIP6 downscaled global change models
(GCMs) provided by WorldClim.

To verify the reliability of the dataset for modelling in predicting
climatic variables on a global scale, we removed all pixels with low
extrapolation reliability via multivariate environmental similarity sur-
face analysis (MESS) (Supplementary Fig. 8). Our projections indicate
that the relative richness of overall diazotrophs will decrease by 1.5%,
2.5%, 2.9%, and 3.3% by the end of the century under the SSP126,
SSP245, SSP370, and SSP585 scenarios, respectively (Fig. 4a, b and
Supplementary Fig. 9). This suggests that the relative richness of dia-
zotrophs may continue to decrease under future climate scenarios,
especially if human activities intensify. Under the full range of climate
scenarios, the relative increase in nitrogen-fixing relative richness at
mid-latitudes will be accompanied by a continued decrease in relative
richness near the equator as well as at high latitudes (Fig. 4a, b). This
phenomenon may be associated with the temperature dependence of
nitrogenases and differences in the adaptation of nitrogen-fixing
organisms to temperature under anomalous climatic conditions*®. In
terms of the relative degree of change and the relative area of different
impacts (Fig. 4c, d), the overall global trend is decreasing, with some
regional characteristics: Oceania, Antarctica, and Africa show an
increasing trend in relative richness, whereas North America, South
America, Asia, and Europe show a decreasing trend, and the degree of
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Fig. 3 | Global maps and environmental drivers of the relative richness of dia-
zotrophs. a Relative richness of terrestrial diazotrophs across the world. Sixty-
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forest model prediction (training dataset with 10-fold cross-validation R>=0.558,
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environmental covariates in the random forest model. The names of the environ-
mental covariates are given in abbreviated form (Supplementary Table 2).

d Importance of individual environmental covariates in the random forest model.
The top three indices are the mean annual precipitation (bio_12), soil pH (phh20),
and aridity index (ai). IncNodePurity, or increase in node purity, is measured by the
sum of squared residuals and represents the effect of each variable on the het-
erogeneity of observations at each node of the classification tree, thus reflecting
the importance of the variables. Source data are provided as a Source Data file.

change increases with climate scenario (increased carbon emissions)
changes (except Europe and Antarctica). Such regional differences
may suggest potential anthropogenic influences on the relative rich-
ness of diazotrophs.

Discussion

The nitrogen-fixing function of prokaryotes arises from their expres-
sion of two-component nitrogenases, consisting of the MoFe protein
encoded by the nifDK (vnf/anfDGK) gene and the Fe protein encoded
by nifH (vnf/anfH)*. nifH has been recognized as a marker gene for the
identification of diazotrophs and has been widely used in different
environments, which has greatly expanded the diversity of
diazotrophs®**, However, methods for determining relatively accurate
nitrogen fixation functions are currently controversial. Approximately
20% of bacterial genomes containing nifH in public databases lack the
nifD or nifK gene, and nifH alone may not necessarily be an accurate
indicator for the identification of nitrogen-fixing microorganisms™. In
the past, the minimal gene set nifHDKENB has been suggested
as a standard for prediction®, but it has been noted that nifN or
niff are missing in some diazotrophs (Chloroflexota, Firmicutes,
Elusimicrobiota)*® *°, although they are essential for the assembly and
activity of nitrogenases. Here, we identified diazotrophs by co-
occurrence nitrogenase genes (nifHDK). We identified diazotrophs in
21 different phylum taxonomic levels, including Pseudomonadota,
Bacillota, Thermodesulfobacteriota, and Cyanobacterota, and demon-
strated their wide phylogenetic distribution. This is similar to the

distribution pattern of diazotrophs (phototrophs versus chemotrophs,
aerobes, anaerobes, and facultative anaerobes), as shown in past
studies**’. These observations support the idea that nitrogen-fixing
function has been distributed to organisms inhabiting many char-
acteristic ecological niches, reflecting their selective advantage in
mitigating fixed nitrogen limitation®. In addition, we compared the
predicted classification of diazotrophs at the genus level with past
experimental evidence. Experimental evidence for genus-level nitro-
gen fixation comes from an extensive literature collection*? and the
FAPROTAX database** was constructed on the basis of phenotypic
function. Our predictions revealed 573 predicted nitrogen-fixing gen-
omes that lacked experimental evidence in the past, coming from 8
phyla and 358 genera of nitrogen-fixing microorganisms, especially
more than 70% of which were Thermodesulfobacteriota. Thermo-
desulfobacteriota are a group of sulfate-reducing bacteria that thrive in
extreme environments. By reducing sulfate to sulfide, they play a vital
role in the sulfur cycle®. Our study suggests that Thermo-
desulfobacteriota may also possess nitrogen-fixing potential. Similar to
their function in the sulfur cycle, these extremophiles could contribute
to nitrogen cycling within microbial communities, thereby supporting
the survival of other microorganisms in extreme ecosystems.

The composition and structure of diazotrophic communities can
influence the actual rate of biological nitrogen fixation and are critical
to the functioning of soil nutrient cycling'*'. Diazotrophic micro-
organisms exhibit significant spatial heterogeneity in their distribution
across different geographical regions. For instance, Cyanobacteria are
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Fig. 4 | Decrease in diazotrophic community relative richness under future
climate scenarios. a Trends in the relative richness of diazotrophs under future
climate scenarios (2080-2100). The prediction model was based on current bio-
climatic variables (resolution of 0.083°) and constructed by the random forest
algorithm (Supplementary Fig. 10). The model was used to predict the relative
richness of potential future nitrogen-fixing organisms under four climate scenarios
for different carbon emission societies (SSP: shared socioeconomic pathway;
SSP126: sustainability; SSP245: middle of the road; SSP370: regional rivalry; SSP585:
fossil-fuelled development), and we averaged the predictions of downscaled global
change models (GCMs; n = 14 for SSP126; n = 12 for SSP245 and SSP585; n = 11 for
SSP370) under the same climate scenarios and calculated their changes relative to
the current climate (Supplementary Fig. 11). b Overall change in the relative rich-
ness of diazotrophs across latitudes under different climate scenarios. We
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calculated the mean changes in relative richness and showed trends by latitude.
c Changes in relative richness across continents under different climate scenarios.
We show overall changes in relative richness compared with the current valuesin all
GCM s for each climate scenario based on different intercontinental divisions. For
the box plots, the middle line indicates the median, the box represents the 25th (Q1)
and 75th (Q3) percentiles (box boundaries), and the whiskers indicate the Q1-1.5
IQR and Q3 +1.5 IQR of the observations. d Proportion of area occupied by each
continent whose relative richness changed under different climate scenarios. The
bar plot shows the proportions of relative changes in area based on different
intercontinental divisions (e.g., the proportions of relative decreases in area are
defined as the ratio of the number of pixels in the decreased region to the overall
number of pixels). The colour indicates the direction of change for relative richness
(increases or decreases). Source data are provided as a Source Data file.

the dominant diazotrophic group in the grassland communities of the
Tibetan Plateau*®, whereas Pseudomonadota is the primary nitrogen-
fixing phyla in alpine meadows"’. This difference results from their
roles in nutrient cycling®. In this study, 57 OTUs were found to be
present across all 18 habitats, 44 of which were classified as Pseudo-
monadota. In contrast to the extremophilic Thermodesulfobacteriota (1
OTU)* and the aquatic-dominant Cyanobacteriota (3 OTUs)*, Pseu-
domonadota exhibit notable metabolic diversity and adaptability
across a range of environments, enabling them to engage in nitrogen
cycling both in soil and aquatic ecosystems. The broad distribution of
Pseudomonadota across diverse habitats further emphasizes its eco-
logical significance and potential to sustain nitrogen availability in
various environmental contexts. In addition, our results suggest that
stochastic processes dominate the species assembly of the diazo-
trophic community. The composition of functional traits is strongly
deterministic, whereas a greater degree of stochasticity is observed for
the taxonomic composition of marine N-cycling communities®. This
phenomenon originates from widespread functional redundancy
among species in microbial communities®. Moreover, our findings
suggest that fluidic (aquatic) habitats exhibit a relatively higher

proportion of stochastic processes compared to non-fluidic (soil)
habitats, a pattern consistent with experimental results and model
predictions from previous studies*.

Besides, machine learning was used to predict the relative rich-
ness of diazotrophic communities and produce quantitative maps of
terrestrial and marine habitat surfaces. Similar to the distribution
pattern of bacterial diversity reported in previous global surface soil
studies'>***, the relative richness of diazotrophic communities
exhibited significant latitudinal variation. Unlike the LDG, which
decreases from low to high latitudes, we predicted that trends in the
relative richness of the terrestrial diazotrophic community tended to
favour the mid-latitudes, whereas the opposite was true near the
equator and at high latitudes. This regional variation in diazotrophic
community relative richness exhibited at absolute latitudes may be
due to a combination of environmental factors, such as stronger
nitrogen limitation at high latitudes than at mid-latitudes, which may
provide a relatively greater survival advantage for nitrogen-fixing
organisms at high latitudes™. Compared with those at mid-latitudes,
relatively warm climatic conditions near the equator are closer to the
optimal temperatures for nitrogen-fixing enzymes, and the increased
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efficiency of biological nitrogen fixation may help nitrogen-fixing
organisms occupy a wider range of ecological niches®.

Furthermore, we analysed the environmental characteristics used
for prediction and defined potential drivers related to the relative
richness of diazotrophic communities. In the order of importance of
random forest features based on node purity, the most important is
the average annual precipitation, the second most important is the soil
pH, the third most important is the aridity index, and overall, the role
of climate is the most dominant, followed by soil properties and
human activities. Our results suggest that overall climate primarily
influences changes in diazotroph relative richness at broad geographic
scales. In past studies, the soil nutrient status has been shown to play
an important role in determining the distribution of microorganisms®,
and in particular, the content or ratio of carbon, nitrogen, and phos-
phorus strongly influences the microbial community*. Recently, the
distribution of diazotrophic communities has also been shown to be
more climate-driven than soil nutrient limitation, including the aridity
index”. In addition, precipitation has also been recognized as a key
factor that can significantly influence the diversity of soil microbial
communities®®. Our results support the idea that climate influences
mainly the shaping of diazotrophic community relative richness and
highlight the importance of soil conditions such as pH.

Since the beginning of the Haber-Bosch process, human activities
have more than tripled crop productivity, whereas fertilizers and other
anthropogenic nitrogen fixation methods have far outstripped natural
contributions. According to estimates of total nitrogen fixation in the
21st century, anthropogenic inputs of nitrogen through fertilizers,
fossil fuel combustion, and other forms have reached half of the annual
total®. Massive inputs of anthropogenic unnatural nitrogen have had a
profound impact on naturally occurring bioavailable nitrogen®, which
has also led to unprecedented environmental degradation. In addi-
tion to the impact of anthropogenic nitrogen fixation at specific spatial
scales, climate change driven by increased carbon emissions from
human activities, including fossil fuel use, may threaten the diversity of
diazotrophs at the global level. In fact, the progressive loss of pro-
karyotic community diversity under conditions of long-term climate
warming has been demonstrated’®. Our projections based on future
climate data under various carbon emission scenarios suggest that the
overall relative richness of diazotrophs will decline, with a more pro-
nounced decrease as carbon emissions increase. There were also dif-
ferent trends between continents, which may suggest the potential
influence of anthropogenic factors such as population size, level of
development, and degree of agriculturalization on the relative rich-
ness of diazotrophs. Furthermore, the continued loss of nitrogen-
fixing diversity in the future will have a significant impact on the
environment, especially those habitats that are highly dependent on N
input from diazotrophs (such as peatlands)®. In peatlands, artificial
warming is expected to reduce diazotroph diversity and significantly
alter community composition, thereby affecting N, fixation activity
within microbiomes®’. These changes could ultimately impact host
fitness, ecosystem productivity, and carbon storage potential in
peatlands, with substantial implications for carbon and nitrogen
cycling in boreal ecosystems®. This impact may similarly threaten
other natural habitats.

The analyses in this paper are based on predictions of the nitrogen
fixation function of prokaryotes. Given the current lack of under-
standing of nitrogen fixation, our predicted diversity (relative rich-
ness) will deviate somewhat from the true value in the environment.
However, our results will continue to improve as new microbial taxa
continue to be isolated and cultured. Moreover, it should be noted that
the above prediction is based only on sequencing data from the cur-
rent samples, and further experiments are needed to confirm the
results, as well as environmental heterogeneity at specific latitudinal
and longitudinal points; therefore, predicted maps of the distribution
of relative richness for diazotrophic communities may be inaccurate at

fine spatial scales but may reveal patterns at larger scales®®. Our pro-
jections of future diazotroph relative richness depend on the dom-
inance of climate covariates in current projections. If the key
influences on diazotroph relative richness change in future scenarios,
then our projections will need to be revised accordingly.

In summary, we provide the current global biogeographic dis-
tribution of diazotroph relative richness and identify climate as the
dominant factor of change. Our work highlights the predictable trend
of decreasing diversity of diazotrophic communities predicted to
occur in the future with climate warming, with human activities
(increased carbon emissions) exacerbating the extent of change. We
therefore advocate that potentially decreases in nitrogen-fixing
diversity be inhibited by maintaining a climate scenario with low
greenhouse gas emissions, thus providing ideas for optimizing sus-
tainable development and valuable references for the future con-
servation of biodiversity resources, especially the nitrogen-fixing
function.

Methods

Identification of potential diazotrophs

The NCBI defines at least one representative genome for each
sequenced species. These genomes usually have high sequencing
quality. We collected 16,106 representative prokaryotic genomes and
corresponding 16S rRNA gene sequences from the NCBI RefSeq data-
base (before November 2022)%*. Kofamscan v1.3.0° was used to
annotate coding sequences to identify genomes containing
nitrogenase-related genes® (nif/unfH: K02588, K22899; nif/unfD:
K02586, K22896; nif/vnfK: K02591, K22897; vnf/anfG: K22898, KO0531;
nif/unfE: K02587, K22903; nifN: K02592; nifB: K02585). Genomes with
genes encoding complete nitrogen-fixing enzymes (nif/vnf/anfHDK)
are recognized as potential diazotrophs. Phylogenetic trees of the
whole genomes were constructed and annotated by PhyloPhlAn 3.0
and tvBOT 2.6 online.

Mapping MAP operational taxonomic units to prokaryotic
genomes

The need for genome information under these stringent criteria
compelled us to use a 16S rRNA mapping-based approach to assess the
relative richness of diazotrophs in the community. The Microbe Atlas
Project (MAP) aims to shed new light on the ecology of global microbes
by leveraging large amounts of sequenced microbial communities®.
The environmental types (animal, soil, aquatic, and plant; divided by
Bray-Curtis community similarity), OTU reads and summary counts of
OTUs (with sequence identities ranging from 90% to 99%) for each
sample were obtained from the MAP. To analyse diazotrophic com-
munities, we filtered out samples from soil- and aquatic-related
environments that contained defined latitudinal and longitudinal
information.

The MAP database provides tools for mapping 16S rRNA
sequences to OTUs in samples (MAPseq v.2.2.1, MAPref v.3.0), and
based on the default parameters, we mapped 16S rRNA sequences
from representative prokaryotic genomes to species-level OTUs (97%
OTU level)*. With respect to the mapping results, we retained OTUs
with confidence (combine_cf) not less than 0.3 and determined the
mapping OTUs for the multicopy 16S genome on the basis of the
majority (=50% of copies). In addition, considering the effects of dif-
ferent sampling conditions, we further selected samples containing at
least 1000 mapped reads and 10 mapped OTUs and ultimately
obtained 137,672 environmental samples for subsequent analysis.

Biogeographical pattern analysis

For the LDG, we considered the process of genome mapping as a
random sampling of environmental samples and used the relative
richness of diazotrophs (defined as the diazotroph share in the local
community, which is the ratio of mapped diazotrophic OTUs to total
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mapped OTUs, ranging from O to 1) as the a-diversity to analyse its
relationship with absolute latitude. For the DDR, we constructed
100 subgroups, each comprising 100 random samples. For each sub-
group, we calculated the Bray-Curtis similarity between diazotrophic
communities and analysed its relationship with log;o-transformed
geographic distances. The geographic distances between samples
were calculated based on Python scripts (Geographiclib package)
using the Haversine formula.

Quantification of diazotrophic community assembly processes
Community assembly analysis was performed as described previous
study with minor modifications®®. Briefly, we constructed subgroups
from MAP samples by random sampling, each comprising 100 random
samples. For each subgroup, we generated a diazotrophic OTU table
and constructed a corresponding phylogenetic tree with MAFFT®’ and
FastTree’®. The (3 nearest-taxon index (BNTI) was calculated via the
vegan package to quantify ecological processes”. The BNTI values
were used to estimate the relative contributions of stochastic selection
and deterministic selection to community assembly: [BNTI|<2 indi-
cates stochastic selection, and |BNTI|>2 indicates deterministic
selection. We repeated the above random sampling 100 times for each
habitat.

Global maps of diazotroph relative richness

By collecting a wide range of environmental variable rasters from
public databases (Supplementary Dataset 6) and based on the
‘randomForest” and ‘caret” R packages, we constructed machine
learning prediction models for the relative richness of diazotrophs in
terrestrial and marine environments using the random forest
algorithm®*”*, The soil variables used for model predictions included
climatic conditions, soil properties, physicochemical properties and
manmade factors. Climatic conditions were derived from WorldClim
(averaged over 1970-2000), and bioclimatic variables were obtained
from the CliMond database. The soil property data are mainly from the
SoilGrids and EarthData databases. The marine variables collected
included water column status, such as temperature, salinity, and dis-
solved oxygen, and human impacts, including pollution levels and
fisheries impacts. To ensure that the covariates were spatially stan-
dardized, we resampled all datasets to a resolution of 0.05° by using
the nearest neighbour method. To avoid our predictions overstepping
their training datasets, the training samples for the ocean and soil
models (100,925 samples for soil and 37,440 samples for ocean) were
mitigated for potential bias by excluding outliers through the R ‘box-
plot.stats’ function. In addition, the sample points with missing cov-
ariates were excluded from the random forest model. In addition,
through recursive feature elimination, we obtain the best subset of
variables for prediction, and the best model for prediction is obtained
after hyperparameter tuning by grid search (Supplementary Fig. 3),
where R? and RMSE values are used to identify the best feature vari-
ables as well as hyperparameters (mtry, ntree). The above modelling
process is based on a 4:1 training set test set division and is executed
under 10-fold cross-validation to ensure that the test set is indepen-
dent of the training set and to minimize the possibility of model
overfitting. We use the average of the ten predictions of the final model
as the output, and the coefficient of variation is used to quantify the
estimation uncertainty (Supplementary Fig. 5). IncNodePurity is used
to assess the relative importance of the predictors to the model.

Future relative richness projection

WorldClim provided raster data for 19 bioclimatic variables under the
present climate (1970-2000) and different shared socioeconomic
pathways (SSPs) in the future Coupled Model Intercomparison Project
6 (CMIP6) downscaled future climate projections (2080-2100, SSP126:
sustainability; SSP245: middle of the road; SSP370: regional rivalry;
SSP585: fossil-fuelled, Supplementary Table 1). We extracted the

current climate data of the samples at a resolution of 0.083°
(approximately 10 x 10 km at the equator) and constructed a random
forest model of the climate and the relative richness of potential dia-
zotrophs, which used two-thirds of the samples as a training set, and
the rest of the built-up data were evaluated via the methods described
above. Then, we used multivariate environmental similarity surface
analysis (MESS, which is based on the ‘dismo’ R package)” to remove
unreliable prediction ranges. On the basis of 49 CMIP6 downscaled
global climate datasets, we predicted the average changes in the
relative richness of diazotrophic communities under different future
climate scenarios.

Statistical analyses

All data analyses in this article were based on R (version 4.1.2 or 4.3.3)
and Python (version 3.9.13). The partial results were visualized by the
‘ggplot2’ package. Raster files were converted and analysed by ‘terra’,
‘raster’ and other R packages.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study have been deposited
in the Figshare repository (https://doi.org/10.6084/m9.figshare.
26114665). All sequenced genomes and environmental samples are
available in the NCBI RefSeq database and MAP database (https://
microbeatlas.org). All spatial covariates used for the global maps and
original database links are presented in Supplementary Dataset 6. Map
outlines derived from Natural Earth public domain datasets (https://
www.naturalearthdata.com). The future climate data (CMIP6 GCMs)
are available from WorldClim (https://worldclim.org/data/cmip6/
cmipé6_clim5m.html). Source data are provided with this paper.

Code availability

All scripts and secondary derived data for the analysis process have
been deposited in the CodeOcean platform under accession number
https://doi.org/10.24433/C0.9682287.v2. https://codeocean.com/
capsule/9682287/tree/v2.
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